Detailed velocity measurements made with laser Doppler velocimetry have shown that, except very close to the bed, the production of turbulence within a stand of emergent vegetation is dominated by the stem wakes rather than by the bottom-boundary shear, as in open-channel flows. This observation formed the basis for a modified randomwalk model that describes the contribution of stem wakes to the turbulent diffusivity within marsh grasses. The model was validated by comparison to observed diffusivity over a range of population and flow conditions within a simple plantlike array of circular cylinders. The diffusion model was also evaluated for a more complex morphology that included a flexible canopy. Laser-induced fluorescence and image-processing techniques were used to measure the diffusivity as well as to examine turbulence structure within the experimental system. The latter analysis documented changes in turbulcncc scale that arise as larger eddies are broken apart by the stems and smaller eddies (comparable to the stem diameter) are produced within the wakes.
Field observations demonstrate that submerged and emergent aquatic vegetation can baflle local currents and dampen wave energy by providing a new source of drag associated with the plant stems and branches (Jackson and Winant 1983; Ward et al. 1984; Gambi et al. 1990 ; Leonard and Luther 1995) . When the flow is reduced, the production of turbulence is also reduced, leading to diminished turbulent diffusivity within the canopy (Raupach and Thorn 1981; Worcester 1995) . These changes in advection and diffusion influence the dispersal and settlement of seeds and larvae and thus can affect recruitment, reproductive success, and genetic diversity (Okubo 1980 (Okubo , 1994 Fonseca and Kenworthy 1987; Ackerman and Okubo 1993; Worcester 1995; Eckman 1979 Eckman , 1983 . However, beyond the general expectation of reduced turbulent diffusivity, no model exists that can describe and predict the turbulent diffusivity within a canopy of emergent vegetation, yet such a model is needed to describe dispersal and deposition accurately within a marsh grass system. This paper develops such a model for emergent vegetation and compares the model predictions to an experimental study of both vertical and horizontal diffusivity within an artificial plant stand. The experimental canopy is comprised of wooden, circular cylinders. This is a reasonable surrogate in both shape and rigidity for the stem regions of the marsh grasses Juncus roemerianus (needle rush) and Spartina aZterniJloru (smooth cordgrass), which under normal tidal conditions exhibit only limited bending (Leonard and Luther 1.995; Knutson et al. 1982) . A more complicated morphology, including a leafy canopy, is also considered for comparison.
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Model development: A modified random walk Both molecular and turbulent diffusion can be described using a random walk model in which the motion of individual particles is described as a series of random steps associated with either Brownian motion (molecular diffusion) or turbulent eddies (turbulent diffusion) (Fischer et al. 1979) . For a given interval, At, the step, Ay, associated with turbulent diffusion is given by Ay = v,,,,,At, where the rms velocity defines the local turbulence intensity. In a homogeneous field of turbulence, the step size is homogeneous. However, within a region of vegetation, stem wakes introduce a localized source of turbulence such that the turbulent field is not homogeneous. Thus, the step size differs between regions inside and outside stem wakes. Here we adapt the random walk model by introducing a variable step size to account for this spatial variation.
Consider the top view of an array of stems and stem wakes shown in Fig. 1 . A particle is released at (x, y) = (0, 0) and advects through the array at a mean velocity, U. For simplicity we assume that advection dominates diffusion in longitudinal transport such that in each time interval, At, the particle moves downstream a distance, Ax = UAt. In the same time step the particle moves right or left along the y-axis a distance Ay,,, if it is located inside of a wake, or a distance Ay if it is located in a nonwake region. A possible sequence of steps is represented in Fig. 1 by small white squares. For a large number of particles the probability of' an individual particle residing in a wake at any given step is equal to the area fraction occupied by turbulent wakes, denoted WF for wake fraction. Each time step of the modified random walk can then be expressed by the following transition probabilities: (0) and wakes (gray shading). The trajectory of a single particle through the canopy is defined as a sequence of steps, depicted by white squares. After a large number of steps the probability distribution for the particle's lateral position is Gaussian with standard deviation, c,,.
the particle is with variance given by a Gaussian probability distribution (Hoe1 et al. 1972 ). Because the model describes a Fickian diffusion process with variance increasing linearly with time, the diffusion coefficient is given by
Nonwake Wake (Fischer et al. 1979) . Note that for WF = 0 (i.e. no stems), Eq. 3 reduces to the classic random walk, D,y = (Ay)2/2At. The right-hand side of Eq. 3 is a weighted average of the diffusivity within the nonwake region, D,,, and the wake region, d,,, represented by the bracketed terms. The diffusivity within each region is characterized by its turbulence length scale. For simplicity we now assume that the contribution from the nonwake region (i.e. bed-generated turbulence) is negligible relative to the wake turbulence and thus assume that D,,,, is negligible compared to D,,. We discuss below observations that support this assumption for a range of conditions. In the field, other sources of turbulence may also contribute to diffusivity within the vegetation canopy (e.g. wave breaking and wind-generated shear). For salt marsh vegetation, as we specifically consider here, damping of wave energy by the vegetation limits the penetration of wave activity into the stand (Knutson et al. 1982) , and the cover provided when the vegetation is emergent limits the extent of wind-generated turbulence. Based on profiles of velocity and temperature measured within a cylinder wake, the in-wake diffusivity, D,,,, has been shown to scale with the free-stream velocity, U, and the cylinder diameter, d (Hinze 1987) . This scaling can now be used to cast Eq. 3 in terms of the bulk flow and canopy parameters. That is, for D,,, -Ud, D,, = AUdWE where A is a scale factor of O(1). (4) To complete the model we must determine the wake area fraction, WE as a function of the flow and canopy characteristics. WF may be extrapolated from the wake area of a single stem, characterized by the wake ratio, A4, defined as the ratio of turbulent wake area to stem area for a single stem. The wake structure, and thus A4, depends on the stem Reynolds number, Re, = rl", u where d is tb: stem diameter, U is the speed of the flow encountering the stem, and u is the kinematic viscosity (e.g. see Munson et al. 1990 ). We consider here the range of Re,, = O(10) -0( 1,000) observed in coastal marsh systems (Leonard and ILuther 1995) . For Re, = 0( lo-loo), a steady recirculation bubble containing a pair of counter-rotating vortices appea-s behind the stem and extends approximately one diameter downstream. In this regime no turbulence is contributed to the downstream wake. At Re, = O(lOO), vortices begin to shed from the stem, creating turbulence in the stem wake. The exact Reynolds number at which vortex shedding begins depends on the flow conditions. For a laterally uniform upstream velocity, the transition occurs at Re, = 60 (Gerrard 1978) . However, in the presence of shear the transition may be delayed to Re, = 200 (Tamura et al. 1980) . Within a stem array, wakes associated with upstream stems create shear felt by downstream stems and an elevated transition Re, is expected. The region of turbulence augmentation can be estimated from the in-wa.te turbulence levels. Defining the edge of the wake by the tu.~bulence level that is within 10% of the freestream value, the wake of a stiff, circular cylinder has a width and length of 2d and 2Od, respectively, so that M is -40 (Zavistoski 1994) . For flexible stems the wake size can be augmented or diminished by plant motion, depending on the scale of the motion. In addition, as the morphology becomes more complex, the parameterization of M will also.
Once the wake ratio is determined for a single stem, the wake fraction s determined by extrapolation to the stem array scale. Lel. P represent the stem area density, defined as the fractional area of the bottom occupied by stems. For a small stem axea density (P small), WF increases linearly with increasing stem number, i.e. each additional stem adds the same wake area such that WF = MP. However, as the stem population increases, individual wakes begin to overlap and WF < MI' (Fig. 2) A numerical model was used to examine this nonlinearity. The model randomly positioned 100 stems of unit area within a prescribed total area (A = 100/P) and a wake of size M was attached to each stem. The total area occupied by wakes was taken as an estimator for WE For each combination of P and Zt4, 100 realizations were used to determine both the mean and the standard deviation of the wake fraction, WE The resulting curves, WF = f(M, P), indicate increasing nonlinear behavior with increasing wake size M (Fjg. 2). Note that the curves shown in Fig. 2 represent the mean expected value for randomly distributed arrays. As with <any random distribution, local values of WF will vary as the local stem distribution varies.
To complete the model, we must now select the particular wake ratio, M, that best represents the wake fraction actively enhancing the diffusivity. Because M is not well defined, we require physical observation to calibrate the model, i.e. to select the appropriate wake ratio. The experiments described below were designed to meet this purpose and to test the general application of the model for a simple system.
Experimental methods
Experiments were conducted in a 20.m-long, glass-wall flume (Fig. 3) . The positive x-axis was directed downstream, the y-axis directed cross-channel, and z = 0 at middeptb and positive upward. Two sizes of circular cylinder, d of 0.6 and 1.2 cm, were used to constmct the cylinder array. Five stem (cylinder)-area fractions were considered (P = 0.6, 1.4, 1.7, 3.5, and 5.3%), representing the range 200-2,000 stems m-2. This range of populations is similar to those observed by Gambi et al. (1990) and Fonseca et al. (1983) in actual plant beds. The cylinders were mounted into half-inch Plexiglas boards and cut long enough to protrude through the water surface. The boards were extended 3 m upstream of the array and tapered to the bottom to eliminate flow disruption. Smooth inlet conditions were achieved using mats of rubberized coconut fiber to dampen turbulence created at the inlet section, and a l-m section of 0.6~cm (0.25 inch) honeycomb was used as a flow straightener. The cylinder array was extended from wall-to-wall to prevent the rerouting of flow around the drag-inducing array. Finally, to test the model with a more complicated morphology, several runs were made with a mock vegetation created by shortening the cylinders and adding plastic strips to create a flexible canopy that occupied the upper half of the water cohmm.
Longitudinal (u) and vertical (w) velocities were measured using two-dimensional laser Doppler velocimetry (LDV). We attempted to measure lateral velocity as well by focusing the laser beams through the bottom of the flume, but the signal strength was too low in this configuration. The velocity was sampled for 100 s at 100-500 Hz and analyzed for . Flume set-w for measurement of velocitv and diffnsivity within the cylinder &ray. Fluorescein dye is r&&d within the array at (x, y, z) = (0, 0, 0). The plume is illuminated with a laser light sheet causing the dye to fluoresce in proportion its concentration. Video images of the plume are used to evaluate profiles of dye concentration that are then fitted to the theoretical plume profiles to estimate diffnsivity. mean velocity and turbulence intensities. The total error for each record was estimated to be 20.15 mm SK'. To characterize spatial variability within the array, multiple profiles were measured for each flow condition and combined in an area-weighted average to form a characteristic mean profile (Nepf et al. 1997) .
The vertical and horizontal diffusivity within the canopy was estimated by observing a continuous dye release. Dye was injected through a 0.16~cm (!&-inch) stainless steel tube into the flow at middepth and mid-width using a syringe pump. The injection velocity was carefully matched to the ambient flow to avoid jet-induced mixing. The evolution of the dye plume was analyzed using a technique of laser-induced fluorescence (LIF) described by Hesselink (1988) . The dye plume was illuminated by a laser-light sheet created by first expanding a 2-mm argon ion beam to 1 cm and then sweeping the expanded beam through a 70" angle at 500 rpm using a polygonal scanning mirror. The laser-light sheet was alternatively positioned in the lateral (x, y) or vertical (x, z) plane. The former configuration is depicted in Fig. 3 . As the dye passed through the light sheet, it fluoresced with an intensity proportional to the dye concentration. Because the scanning beam produced a sheet of uniform illumination, and because only the plume contained dye, minimizing the reabsorption of fluoresced light, the intensity-concentration conversion may be approximated as a linear function (Hesslink 1988; Monismith et al. 1990 ).
The fluorescing dye was recorded at 30 frames per second NhlC = 0.033 s) using a standard videocamera positioned above (for imaging the x-y plane) or to the side of (for imaging the x-z plane) the flume. Because the plume was advected at a speed U, the integration scale, Utframc, defines the smallest resolvable length scale within the image. To reduce stray light reflections that degrade the image quality, all surfaces of the flume and cylinder array were painted matte black, and the entire apparatus was draped in a heavy black fabric. A narrow slit along the flume's side or bottom was left clear to pass the laser sheet into the flume. Video images of the plume were recorded and then transferred frame-by-frame to an image-analysis software package using a frame grabber. Within the image-processing program, individual and loo-frame average images were evaluated for pixel intensity that was linearly related to fluorescence intensity and thus to dye concentration.
The turbulent diffusivities, D,, and D,, were estimated by fitting the mean measured concentration (pixel intensity) profiles to the theoretical Gaussian plume profile, C(x, y, z) (Fischer et al. 1979 where u is the dye mass injection rate at (x, y, z) of (0, 0, 0). To estimate the lateral diffusivity, for example, we evaluated Eq. 6 at a particular cross section, e.g. A -A' in Fig.  3 , for which x = X and z = 0, and normalized the measured profile by its maximum value, C,,,,, found at (x, y, z) of (X, 0, 0). This produced the fitting equation
c IllaX I",,, = exp (7) where I is the pixel intensity. Because concentration and pixel intensity were linearly correlated, Eq. 7 could be applied directly to pixel intensity profiles (Monismith et al. 1990 ). The horizontal diffusivity 'was then estimated by fitting the observed pixel intensity profile, I,(y), to the theoretical profile shape using a least-squares analysis with one free parameter, D,, i.e. by minimizing
The total number of points in the profile, N, varied between 200 and 300. The uncertainty in the fitting procedure was assigned as follows. For each case, the curve e = f(D,,) was constructed. The global minimum of this curve was selected as the best estimate of D,, and the range of values producing an error, e, within 10% of the global minimum, defined the uncertainty. As with most tracer studies, the resulting esti- mates of diffusivity represent spatial averages. Examples of observed and fitted mean concentration profiles are presented in Fig. 4 for conditions with and without circular cylinders.
For comparison to theory the horizontal diffusivity was normalized by the cylinder diameter and mean velocity, so that Eq. 4 became, with A = 1, 4 = WF. Ud
The correct wake fraction curve, WF = f(M, P), was selected from Fig. 2 based on a least-squares fit to the normalized data. Uncertainty in the normalized diffusivity was determined by combining the uncertainties in the velocity and diffusivity measurements using the constant-odds method of Kline and McClintock (1953) . The estimated value and uncertainty for both the raw and normalized diffusivity is given in Table 1 . The instantaneous profiles of plume concentration were analyzed to examine turbulence structure. In analogy to the temporal root-mean-square (rms) values used to describe tur- bulent velocity fluctuations, the following rms estimator was defined to parameterize the difference between a loo-frame average, C(y), and an instantaneous profile C(y): c = ,ms J j+ c MY> -QY)12.
VY
For each flow condition, Eq. 10 was evaluated over five instantaneous images selected at random for a total of 1,000 points. In addition, a comparison of mean and instantaneous profiles was used to evaluate turbulence length scales using a zero-crossing method. A zero-crossing is defined as a point at which the instantaneous profile crosses the mean profile, i.e. where C(y) -C(y) = 0. If the flow is two-dimensional (x, y), the average distance between zero-crossings, L, is a measure of horizontal eddy scale. In Fig. 4b significant zerocrossings occur at y = -4.8, -2.4, -0.4, 2.3, and 3.9 cm. Based on this image and four others for this flow condition, L = 2.33 cm. Because the turbulence field is in fact threedimensional, this analysis tends to underestimate the absolute eddy scales. However, because the turbulent field maintains a consistent ratio of (u'Iw') as the cylinder population increases (Zavistoski 1994) , we expect that the relative change in L observed between different cylinder populations consistently represents the relative change in characteristic eddy size. 
Results and discussion
Velocity projiles-Velocity profiles were measured for three populations (P = 0.6, 1.4, and 5.3%) at a nominal velocity of 6 cm s-I. Fig. 5 compares the area-averaged profiles at each density and reveals the changes in flow structure resulting from increasing the stem area density. For comparison, the profiles were normalized by the mean velocity measured for the null condition at 10 cm above the bottom (z/h = 0.67), d enoted U,,,. As P increased, the flow speed increased slightly due to stem blockage. In addition, for z/h > 0.1, the vertical profiles became more uniform as P increased, suggesting an enhanced vertical eddy viscosity. This is consistent with the observed increase in turbulence intensity (Fig. 5b) . For similar flow speed and population density, Gambi et al. (1990) also observed enhanced turbulence intensity within real stems of Zostera marina. The profiles of longitudinal turbulence intensity also suggest that the flow consisted of a near bed and outer region. Within the nearbed region (z//l < O.l), the turbulence intensities observed with low (0.6%) and medium (1.4%) cylinder area densities matched those observed without cylinders, indicating that the dominant source of turbulence in this region was the bedgenerated shear rather than cylinder wakes. The near-bed region (z C -1 cm) was an order of magnitude greater than the laminar sublayer, O(O.1 cm), but on the order of the cylinder diameter (0.6 cm), suggesting that the stem scale rather than the fiat-plate boundary layer scale determined the extent of this region. Away from the bed (z/h > O.l), turbulence intensities within the cylinder array were two to three times greater than those observed without cylinders, indicating an outer layer in which cylinder wakes dominated the turbulence production. These measurements support the model assumpt;on made earlier that the turbulence within a cylinder (stem) array is dominated by wake generation, except very close to the bed.
Horizontal d~fSusivity---The observed values of both vertical and horizontal diffusivity are given in Table 1 . Because the model mosl. closely describes horizontal diffusivity, we begin by examining this component. The normalized diffusivity (plotted n Fig. 6 ) can be separated into cases with (open symbols) and without (dark symbols) vortex shedding. The presence of vortices was indicated by the streak patterns of dye injected by hypodermic needle along the upstream edge of individual cylinders within the array. Based on the dye streak observations, transition to vortex shedding occurred between Re, = 150 and 200, consistent with the elevated transition (Re,, = 200) observed in the presence of shear (Tamura et al. 1980) . The diffusivity observed with Re,, < O(200) was of the same magnitude as that observed without the cylinders, consistent with the fact that no turbulence is contributed to the downstream wake in this regime. In contrast, the diffusivity observed with Re,, > O(200) was an order of magnitude greater than that observed without cylinders but with comparable flow speeds. The sudden transition in diffusivity is attributed to the onset of vortex shedding that allowed the stem wakes to become a significant source of turbulence. The uniform-diameter array produced an abrupt transition, but in the field a more gradual transition is expected because a range of stem diameters will bc present.
The normalized diffusivities measured for Re,, > 200 (open symbols) were compared to the mean wake fraction curves presented in Fig. 2 . The best fit was found for wake ratio M = 10. The mean and standard deviation for this model curve are included in Fig. 6 . Recall that observations behind an individual circular cylinder suggested that M -40, four times greater than value fitted here (Zavistoski 1994) . This difference may be attributed in part to a reduced wake response for a cylinder within an array relative to an isolated cylinder (Blevins 1994) . In addition, the scale factor A was effectively removed by assuming A = 1, the true scale factor, O(l), was thus imbedded in the curve fit.
Both cylinder diameters (d = 0.6 and d = 1.2 cm) shown in Fig. 6 appear to fit the same model curve, supporting the normalization and confirming that D, -d. Because the eddy scale is set by the cylinder (stem) size, larger cylinders (stems) produce larger eddy scales, which in turn produce greater turbulent transport. The importance of stem size in setting turbulence scale was also suggested by both Anderson and Charters (1980) and Ackerman and Okubo (1993) .
By multiplying Eq. 4 by the unity (v/v), the diffusivity model can be cast directly in terms of the stem Reynolds number, i.e. D, = AvRe,WE (11) This scaling was verified by a significant linear correlation (R2 = 0.98, for 16 points) observed between D, and [Re,,WF], with WF determined from the wake overlap model and M of 10. The fitted slope was found to be 0.01 cm2 s-I, which matched the kinematic viscosity, v, consistent with the assumption A = 1.
For the lowest stem area density, the model underpredicts the diffusivity (Fig. 6 ). At these sparse populations it is possible that the contribution of bed-generated turbulence was not negligible, as assumed by dropping the first term in Eq. 3. In fact, the transition from bed-dominated to stem-dominated turbulence production is a continuum such that at some low stem density the bed and the stems contribute equally to the production of turbulence. Raupach (1992) , who also considered a spatially uniform array, discussed an analogous transition for drag generated by the bed and by the protruding elements (e.g. stems). The transition from unvegetated to vegetated conditions is more complicated for inhomogeneous systems, where the flow can be redirected around vegetated regions in response to their larger drag. In such systems the vegetation can produce opposing effects on the turbulence levels, i.e. turbulence production may be enhanced by stem wakes, but the associated drag leads to flow reduction, which in turn leads to reduced turbulence generation. These opposing tendencies produce a nonlinear response where the turbulence levels initially increase with increasing stem density but eventually decrease as P increases further (Burke 1982; Eckman 1990; Nowell and Church 1979) . Thus, an optimum vegetation density must exist that maximizes the level of turbulent kinetic energy within the stem and canopy array. Similarly, the turbulent diffusivity within the stem array should have a maximum for some small value of stem area density. Such an optimum could not be observed in our experimental system because the stem density was spatially homogeneous. While neither the theoretical nor experimental model presented here addresses drag-induced flow reduction, i.e. U = f(P), both accurately represent the in-stem diffusivity given the in-stem flow, D?, = f(U, P). F u tu re models may exploit the fact that both drag and now diffusivity can be related to wake formation, and thus a unified model that predicts both drag (and thus flow) and diffusivity from wake structure (WF) may be possible.
Vertical di$@sivity---While the model was explicitly developed for lateral diffusivity, it should apply to some degree to vertical diffusivity as well. In particular, the wake fraction parameterized above for lateral diffusion should also apply to vertical diffusion. However, differences may exist in the characteristic wake diffusivity, D,,,, defined in Eq. 4. In particular, the scale factor for vertical wake diffusivity, A,, may differ from A if the turbulence scales controlling vertical transport differ from those controlling horizontal transport. This is likely to arise from the anisotropy in cylinder shape. We tested the model and evaluated A, by plotting the vertical diffusivity against [Re,,WF] ratio of scale factors (A/A, = 4) suggested that the turbulent transport within the wake was in fact anisotropic, with lateral transport four times greater than its vertical counterpart. The ratio of horizontal to vertical turbulent transport within the wake can be described by
where L and L, are the characteristic horizontal and vertical eddy scales, and (u', w') are the characteristic turbulent velocity scales. Measurement of turbulence intensity within individual cylinder wakes suggests near-isotropy in velocity scales, i.e. u' -w' (Hinze 1987; Zavistoski 1994) , but the observed vortex structure (i.e. von Karman vortex street) suggests anisotropy of turbulence length scales, specifically L > L,. Thus, Eq. 12 indicates greater horizontal transport, consistent with the model results.
The characterization of vertical transport is complicated by a secondary-flow present on the back face of each cylinder (Vogel 1994) . The flow can be observed by injecting dye near the base of an individual cylinder (Fig. 8) . At low Re,,, as considered here, the pressure recovery around the cylinder is a function of Re,, and so near-bed velocity gradients give rise to a vertical pressure gradient on the back face of the cylinder, which produces a region of positive vertical velocity. Because the forcing is related to the boundary shear, the vertical extent of the flow matches the shearlayer thickness (Fig. 8) . To evaluate the contribution of this flow on bulk vertical transport, we measured the areal extent (using dye visualization) and the vertical velocity of the secondary flow over the range of flow speed and population conditions included in Table 1 scales larger than an individual cylinder, the secondary flow made little contribution to vertical transport.
Turbulent fluctuations in concentration-The instantaneous profiles of plume concentration were analyzed to examine changes in turbulence structure introduced by the array of cylinders. First, consider the intensity of concentration fluctuation parameterized by CTnlslCmax. As the stem area density increased, the intensity of the concentration fluctuation decreased (Fig. 9a) . This suggested that the cylinder wakes introduced sma.ler scale mixing, relative to a no-cylinder condition, which smoothed out the gradients of concentration. Recall that in the limit of molecular diffusion (i.e. eddy scales approaching molecular scales), the instantaneous con- centration profile would contain no fluctuations (i.e. C,.,,,,/ C,,, would approach zero). Thus, the observed trend in Auctuation intensity is consistent with the idea that within an array of cylinders (or stems) a smaller scale of turbulence becomes important. The stems break-up eddies that are larger than the stem scale and replace them with eddies formed in the stem wakes, and thus at the scale of the stem. This is also borne out by the change in estimated eddy scale, L. Within the cylinder arrays L is reduced (Fig. 9b) . In these experiments the eddy scale without cylinders is limited by the flow depth and flume width. In the field, relevant flows outside the canopy may have significantly larger eddy scales so that the transition from stem-free to stem-occupied regions of flow is likely more dramatic. Comparing eddy scales determined from stress profiles, Ackerman and Okubo (1993) observed that the dominant eddy scale within a 2. marina canopy was reduced relative to that predicted for an unvegetated region of similar flow speed. In addition, the eddy scale was observed to be relatively constant over depth, and thus strongly deviated from the simple bed-stress-layer model (L -z). These field observations are consistent with both our model assumption and flume observation that cylinder (stem) wakes dominate the turbulence structure within the array.
Mock vegetation: A more complicated morphology-To extend the model beyond the simple configuration of stiff, two-dimensional stems (cylinders), a leaf canopy was added for several runs. Strips of flexible plastic were added to the top of shortened cylinders so that a-flexible canopy filled the upper half of the water column (Fig. 10) . The velocity profile was profoundly affected by the addition of the canopy. The larger surface area and greater flexibility of the plastic leaves produced a greater drag within the canopy region, resulting in diminished velocity relative to the region occupied by cylinders (stems). The velocity difference between canopy and stem regions increased as the stem area density in- (0) appears to follow the model, but with a larger wake: stem ratio than observed within the stem region (Cl).
creased. As the flow speed was increased, the canopy bent downstream slightly, but the leaves remained emergent so that no skimming flow developed over the top of the canopy. The turbulence intensity, normalized by local velocity, u(z), also exhibited vertical variation with a peak intensity in the region of high shear at the canopy-stem interface. The profiles of both velocity and turbulence intensity measured within the mock vegetation mimic profiles measured within real vegetation in both field (Leonard and Luther 1995) and laboratory flows (Gambi et al. 1990 ).
The lateral diffusivity within the stem and canopy regions was measured for four values of stem area density (Fig. 11) . The normalized diffusivity observed near the bed (z = 3 cm) fell along the same model curve, WF = j(M = 10, P), fitted to the preliminary cylinder data, suggesting that the wake behavior was unaffected by the overlying canopy. The diffusivity measured within the canopy region was considerably lower than that observed within the stem region (Table 1) . This is intuitively satisfying, as the flow within the canopy was less energetic than the flow through the stem region. The diffusivity within the canopy region was normalized by a nominal diameter based on the median frontal width for all possible orientations. Because each strip was 1 mm thick and 6 mm wide, the median frontal width was 4 mm. The normalized canopy data fall roughly along the model curve (M = 20), or two times that associated with the stem (Fig.  I 1) . This wake ratio reflects the net contribution of the six plastic "leaves," and implies that each leaf contributes only one-third the wake strength contributed by one cylinder, i.e. the wakes produced by the flexible appendages were not as strong as those produced by the stiff cylindrical stems. Together with the velocity measurements, the following generalization may bc made. The stiff portion of the mock vegetation produced less drag and less turbulence augmentation (lower turbulence intensity) than did the flexible leaf region, to these vegetation beds (Leonard and Luther 1995) . For but this is largely attributed to the fewer number (one-sixth) more complicated morphology, including flexible members, of stem elements relative to canopy elements. Considering the model c;tn describe qualitative trends, but for a more individual elements, the flexible canopy produced a weaker quantitative description one must first characterize the inditurbulent wake (effectively M = [20/6] = 3.3) per element vidual wake structure as a function of the particular plant than did the stiff stems, suggesting that under comparable morphology and flexibility. The model may then guide the conditions of population and in-canopy flow, stiff canopies extension of individual wake characteristics to estimates of will experience higher turbulent diffusivity.
canopy diffusivity. The result presented in Fig. 11 is promising because it suggests that the diffusivity within the flexible canopy qualitatively follows the model trends. One is thus encouraged to examine in more detail how the model may be extended quantitatively to vegetation of more varied shape and flexibility by better characterizing the wake structure. This characterization may be complicated by the following effects. When stems and leaves are flexible, flapping can result when the passage of turbulent eddies produces periodic flow surges at time scales comparable to the relaxation time scale for the strain-potential energy stored in the bending element (Finnigan 1979) . Flapping can also be excited by the vortex streets created by upstream stems (Blevins 1994) . Depending on the frequency of the flapping motion, wakes may be augmented or diminished, thus creating an additional nonlinearity in the relationship between wake fraction and stem population (Fig. 3) . Flexing may also bring individual stems close enough together (1.4 d laterally or 4 d longitudinally) to allow their wakes to coalesce into a single wake, thus nullifying the contribution of one stem (Zdravkovich 1977 (Zdravkovich , 1985 . In extreme cases the bending of plant shafts is severe enough to redirect much of the flow over the top of the canopy, reducing flow and thus diffusivity within the canopy (Fonseca et al. 1982; Gambi et al. 1990 ). As mentioned above, this regime was not observed in the mock vegetation considered here. Finally, plant canopies comprised of multidirectional, intercrossing members, i.e. which deviate from the predominately unidirectional shaft structure described here, could be described by a parallel model based on mesh wake structure, rather than by cylinder wake structure (Anderson and Charters 1982) .
